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A direct-detection search, looking primarily 
(but not only) for WIMP dark matter with a 

xenon nucleus
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Why use liquid xenon?



The LUX-ZEPLIN Dark Matter Search

A. Manalaysay                           

Why use liquid xenon?

!5

0 10 20 30 40 50 60
Recoil Energy [keV]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

R
at

e
[e

vt
s/

to
nn

e/
yr

/k
eV

]

M
c

= 50 GeV, snucleon = 10�46 cm2

Xenon
Germanium
Argon

Large signal
•Scalar WIMP-nucleus 

interactions feature an 
A2 dependence on the 
scattering rate.  Xe has a 
large A.

•Natural xenon contains 
~50% odd isotopes, 
giving high sensitivity 
to spin-coupled 
interactions
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Low background

Alexandre Lindote!! ! ! ! ! Astroparticle Physics 2014

Xenon as a WIMP target
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It’s quiet in the 
middle

log10DRU

Fiducial

Active Xe

✤ Relatively high density (2.9 g/cm3) !

✤ High atomic mass (A=131 g/mol)!

✤ Spin-dependent sensitive isotopes (129Xe, 131Xe)!

✤ Large light output and fast response!

✤ Long electron drift lengths (~1 m) !

✤ Excellent ionisation threshold!

✤ No intrinsic backgrounds!

✤ Self-shielding (using 3D pos. recons.)!

✤ Scalable to multi-ton size

Event rate (DRU)*

* “DRU” = evt/kg/day/keV

1. Easily scalable to large size

2. 3-D localization of events

3. 1 and 2 permit an ultra-low-
background inner region to be 
defined.
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Doubling every 2 years

Factor 10 every 6.5 years

http://education.mrsec.wisc.edu/SlideShow/images/computer/Moores_Law.png !7

Moore’s Law

Courtesy R. Gaitskell
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SuperCDMS also focuses on light WIMPs
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Dual-phase time projection chamber (TPC)
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•Main target is liquid xenon (180 
K).

•Primary scintillation light (S1) 
emitted from interaction vertex

•Ionized e- drift to the liq. surface; 
produce prop. light as they travel 
through gas (S2).

•S1 and S2 permit:

‣Energy reconstruction

‣ 3-D position reconstruction

‣Background rejection

Details in our Technical Design 
Report: arXiv/1703.09144
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WIMPs: expected signal
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M = 40 GeV/c2 M = 1 TeV/c2

•Majority of BG is from 
electronic recoils (ER).

•WIMPs detected via nuclear 
recoils (NR).

•ER and NR have different S1/
S2 ratio.

•Shape of observed spectrum gives 
info on WIMP mass.

•Low mass sensitivity affected by 
NR from 8B solar neutrinos (~7 
events in 1000d, depends strongly 
on low-en. NR efficiency).

8B ×500, ER ×5 8B ×500, ER ×5
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Sanford Underground Research Facility
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LUX/LZ, located on the 4850 
level (~1.5 km underground) in 
Lead, South Dakota. Solar 
neutrinos first detected here. 
Muon flux down by 107.
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LUX%

%%%%%%%%LZ%
Total%mass%–%10%T%
WIMP%AcOve%Mass%–%7%T%
WIMP%Fiducial%Mass%–%5.6%T%

Scale'up'≈'50'in'fiducial'mass'

Isabel'Lopes'X'June'21,'2016''

LUX
LZ

•LZ: factor of ~50 larger 
fiducial than LUX

•Lower backgrounds

(See talk by 
Shaw Sally)

(inner can)

(inner can)
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Cryostat vessels
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Outer cryostat vessel
UV reflectors in the inner 
cryostat vessel
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LZ

!141 

Oxford CAD Model Walk Through 
Matt Hoff 
LBNL 
August 5, 2016 

•7 tonnes active mass.

•Active LXe “skin” veto 
(outside of TPC)

•Gd-loaded LAB 
scintillator veto

•LUX’s water shield

•External liquefaction/
purification tower
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Photomultiplier Tubes
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R11410

R8520

R8778

Main TPC
Xe “skin” veto

(recycled from LUX)

Hamamatsu

R5912

3 inch 1 inch 2 inch

8 inchScintillator 
veto

{
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Photomultiplier Tubes
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R11410

R8520

R8778

Main TPC
Xe “skin” veto

(recycled from LUX)

Hamamatsu

R5912

3 inch 1 inch 2 inch

8 inchScintillator 
veto

{

Completed lower PMT array
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TPC
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SECTION VIEW 
OF LXE TPC

HV CONNECTION TO CATHODE

GAS PHASE AND 
ELECTROLUMINESCENCE REGION

TPC field cage

Top PMT array

Bottom PMT array

Reverse-field region

Side Skin PMTs

Side skin PMT 
mounting plate

Cathode grid

Gate

Anode LXe surface

Weir trough

Skin PMT
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Outer detector
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•Gd-doped LAB liquid 
scintillator.

•Neutron and gamma 
veto.

•4𝜋 coverage
•Cutouts for cryogenics, 
electronics, neutron 
tubes, HV

•Screener vessel already 
deployed in LUX water 
shield, good results.
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Outer detector
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•Gd-doped LAB liquid 
scintillator.

•Neutron and gamma 
veto.

•4𝜋 coverage
•Cutouts for cryogenics, 
electronics, neutron 
tubes, HV

•Screener vessel already 
deployed in LUX water 
shield, good results.
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Backgrounds
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No vetoes With vetoes (LXe skin and 
liquid scint.)
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Scientific Reach — Standard WIMPs
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•Reach LUX sensitivity 
within ~4-5 days

•Reach XENON1T (2018) 
sensitivity within ~2 weeks

•Min. sensitivity 1.6×10-48 
cm2 after 1000 live-days

Min. SI sensitivity vs. live-time

arXiv:1802.060391 10 100 1000
Live time [days]

49−10

48−10

47−10

46−10

45−10

] a
t m

in
im

um
2

SI
 W

IM
P-

nu
cl

eo
n 

cr
os

s s
ec

tio
n 

[c
m

LZ sensitivity

Projected limit (90% CL one-sided)

 expectedσ1±

LUX (2017)

XENON1T (2018)

y proj.)×XENON1T (2 t



The LUX-ZEPLIN Dark Matter Search

A. Manalaysay                           

Scientific Reach — Standard WIMPs
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(MasterCode, 2017)
pMSSM11

•With LZ, we begin to probe 
a significant region of 
param. space favored in 
pMSSM

•Sensitivity not yet limited 
by CNNS irreducible BG

•But expect to see many 
CNNS events from 8B, and 
potentially 1 event from 
atm+DSNB.

Proj. [SI] sensitivity vs. WIMP mass

arXiv:1802.06039
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Discovery potential
•Setting limits is great, but

•Really we are doing this to 
make a detection.

•Projected detection 
potential reaches (at min)

‣ 3.8×10-48 cm2 at 3𝜎

‣ 6.7×10-48 cm2 at 5𝜎

arXiv:1802.06039
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Scientific Reach — Axions and ALPs
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Neutrinoless double beta decay
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The 136Xe neutrinoless double beta decay search with LZ
Paulo Brás, on behalf of the LUX-ZEPLIN Colaboration
Department of Physics, University of Coimbra - LIP

pbras@coimbra.lip.pt

Introduction
A detector designed to observe the neutrinoless double beta (0⌫��) decay of a given source needs to have a complete un-
derstanding of the backgrounds in the event search region, a high abundance of the decaying element to compensate for the
rare nature of this process and an excellent energy resolution at the Q-value of the decay.

• The isotope 136Xe is a known double beta emitter with a half-life of 2.11⇥ 1021 years and Q-value of 2458 keV [1]

• Average concentration in natural xenon is 8.9%

• The LZ experiment features a 7 tonne instrumented liquid xenon (LXe) target, implying that around 623 kg of 136Xe will
be present without enrichment of the LXe volume [2]

The LZ detector
The LZ detector (Figure 1) is a 7 tonne dual-phase xenon time projection chamber (TPC) (Figure 2) designed for dark matter
search. It will be operated at a depth of 1478 m in the Davis cavern at the Sanford Underground Research Facility (SURF)
in Lead, South Dakota, where the LUX detector was once operated [2].

Figure 1: The LZ detector: The main detector is supported by a titanium cryostat. Within, a PTFE light reflector cage
surrounds the LXe volume. Two arrays of Hamamatsu R11410 3” PMTs observe the active LXe region from the top (253
PMTs) and bottom (241 PMTs). Four horizontal grids woven from thin stainless steel wire establish a vertical drift field
the length of the TPC and a high field extraction region straddles the liquid-gas interface. A layer of LXe between the
PTFE reflectors and the inner cryostat vessel surrounds the TPC on the sides and bottom. This volume, named the ”LXe
skin”, features a 131 PMT readout and will act as an anti-coincidence detector. The titanium cryostat is surrounded by a
Gadolinium-loaded liquid scintillator with a 120 PMT readout (dubbed the outer detector, OD), that works as an active veto.
All the detector systems are within the water tank for additional shielding.

Figure 2: Dual-phase TPC operating principle. An energy
deposition in the active region produces prompt scintillation
light (S1) and ionization electrons. The electrons that do not
recombine are drifted to the liquid-gas interface and extracted
into the gas phase, creating electroluminescence light (S2).
The deposited energy is reconstructed using the S1 and S2
signals. The depth of the interaction can be obtained by the
time difference between the S1 and S2 signals, while the XY
position can be reconstructed using the light pattern generated
by the S2 signal on the top PMT array.

Background model for 0⌫�� decay of 136Xe
The background model includes contributions from 238U and 232Th contamination of detector components and the laboratory
walls, the 2⌫�� decay mode of 136Xe, 8B solar neutrino scattering, internal Radon contributions and decay of the neutron
activated 137Xe. The energy spectrum of the main contributors to the background model are shown in Figure 3. The main
contribution to the total background is from the contamination in detector components. The model assumes 1.0% energy
resolution at Q-value and 0.3 cm vertex separation capability in depth.
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Figure 3: Contributions from the main background sources to the total background spectrum, excluding gammas from
cavern walls (black line). An energy resolution of 1.0% at the Q-value of 136Xe 0⌫�� decay is considered. The background
is dominated by the 2448 keV gamma line from 214Bi in the 238U decay chain (blue line) and the 2615 keV gamma line of
208Tl in the 232Th decay chain (red line). The gamma line of 214Bi is only 10 keV away from the 0⌫�� decay energy and
cannot be resolved from the signal with the energy resolution of LZ. Fortunately, the branching ratio for this line is only
1.4%. The line from 208Tl has a branching ratio of 35% but only a few events fall within the 2� ROI. The summed peaks
of 60Co are excluded due to the LZ multiple scatter rejection capabilities. Events from the 2⌫�� decay of 136Xe (green
line) leak into the 2� region of interest (ROI, dashed orange lines). Elastic ⌫e scattering of solar neutrinos from 8B is also
accounted for in the background model (cyan line). The purple dashed line is the expected signal spectrum for 136Xe 0⌫��
decay, considering a half-life of 0.74⇥ 1026 years and a 1000 live-days exposure in a 957 kg fiducial volume.

• Contribution from the Davis cavern walls were estimated considering early activity measurements on site

– will be updated using recent measurements still under analysis

• 222Rn mixed in the LXe will produce 214Bi. This isotope can decay via naked-beta with a Q-value of 3.27 MeV and 19.1%
branching ratio. A rejection efficiency > 99.99% is possible due to the coincidence with the decay of the 214Po daughter,
with a half-life of 163.6 µs, within the event time window of LZ

• The neutron activation of 136Xe produces 137Xe, which decays 67% of the time through the emission of a naked beta with
an endpoint energy of 4.173 MeV. Preliminary estimates of neutron flux from cosmogenic muons (�

µ

= 6.2⇥ 10�9 cm�2

s�1) at SURF [2] and from environmental sources indicate that this background is negligible

Background Analysis
The background model is continuously updated with the most recent material assays and detector simulations [3]. The
main background contributions are summarized on Table 1. Extensive Monte Carlo simulations of the backgrounds from
radioactive contamination in detector components and the cavern rock are generated using BACCARAT, a framework based
on GEANT4 that evolved from the LUXSim [4] simulation package developed for LUX. The full detector geometry is
modeled. Backgrounds will be measured with high precision once the detector begins the first science run.

Analysis cuts

• Region of interest (ROI)
– 2� on each side of the Q-value, 1.0% E resolution
– 2409 < E

dep

< 2507 keV

• Fiducial volume (FV) – 957 kg
– R < 42 cm &

p
(x� 70)2 + y

2) > 39 cm
– 33 < z < 96 cm

• Single scatter selection
– Energy deposition spread in z < 0.3 cm
– No cut for spread in the xy plane

• Veto detectors
– E > 100 keV in Skin within 800 µs coincidence window
– E > 200 keV in OD within 500 µs coincidence window

LZ preliminary

0 252 402 502 602 702

r2 [cm2]

20

40

60

80

100

120

140

z 
[c

m
]

0

0.5

1

1.5

2

2.5

3

3.5

4

lo
g 10

(c
ou

nt
s i

n 
RO

I/t
on

ne
/y

ea
r)

(a)

LZ preliminary

-60 -40 -20 0 20 40 60
x [cm]

-60

-40

-20

0

20

40

60

y 
[c

m
]

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

lo
g 10

(c
ou

nt
s i

n 
RO

I/t
on

ne
/y

ea
r)

(b)

Figure 4: Background event rate in the active region and in the ROI: as a function of r2 and z (right) and in the xy projection
for values of z between 33 and 96 cm (left). The blue dashed lines represent the 957 kg fiducial volume used in the analysis.
The self-shielding of LXe provides a low background environment at the innermost regions of the detector. The feature
visible on the right plot (Figure 4b) at x = 73 cm is due to the field-shaping resistors being vertically aligned on the side of
the TPC.

Item Counts
from 238U

Counts
from 232Th

Other
counts

Total
Counts

TPC PMTs & bases 2.75 0.36 0.0 3.10
TPC PMT structures & cables 2.70 0.34 0.0 3.03

Skin PMTs & bases 0.47 0.02 0.0 0.49
PTFE walls 0.25 0.0 0.0 0.25

TPC sensors & thermometers 1.49 0.0 0.0 1.49
Field grids & holders 1.14 0.08 0.0 1.23
Field-cage resistors 1.47 0.05 0.0 1.51

Cryostat 4.27 0.86 0.0 5.14
Outer detector components 1.52 1.12 0.0 2.63

Other components 1.29 0.14 0.0 1.43
Cavern walls <0.1⇤ 2⇤ 0.0 2⇤

2⌫�� - - 0.01 0.01
8
B solar neutrinos - - 0.07 0.07

Neutron-induced 137
Xe

- - <0.01⇤
<0.01⇤

Total 17.44 4.97 0.09 22.50
⇤
preliminary estimate

Table 1: Summary table of the background counts in the 2� ROI and 957 kg fiducial volume, for a 1000 live-days run,
considering 1.0% energy resolution at Q-value and 0.3 cm multiple scatter rejection on depth. The main contributors are
the cryostat vessel, the TPC PMTs and surrounding structures, the outer detector acrylic tanks and the field cage resistors.
Despite the low contamination levels of the OD acrylic tanks, the total acrylic mass of 4.3 tonnes is responsible for the
background rates presented. The opposite is true for the resistors, which weigh less than 50 grams combined but have high
contamination levels. The titanium vessels, with a mass of 2.6 tonnes, contributes only half of the total background counts
from the cryostat. Some contamination values for detector materials are measured upper-limits. An additional 8 cm of
steel-equivalent shielding is considered above the detector and helps to minimize the contributions from the cavern walls.

Sensitivity projection
The LZ experiment will be able to achieve a competitive limit for the half-life of the 0⌫�� decay of
136Xe without a dedicated run. With the total background levels expected for a run of 1000 live-days
(Table 1), the 90% confidence level (CL) upper limit is 7.58 counts, corresponding to:

Median 90% CL sensitivity to the 136
Xe 0⌫�� decay half-life of 0.74⇥ 1026 years

Current best results from KamLAND-ZEN are T

0⌫
1/2 > 1.07⇥ 1026 years and a sensitivity of 0.56⇥ 1026 years [5]

• Sensitivity is calculated using a Feldman-Cousins cut and count limit projection in a background-only scenario
• The signal acceptance efficiency is calculated to be of 77%

– 95.4% efficiency imposed by the the ROI definition
– 80% estimated for the single scatter cut

• A post-WIMP search dedicated run with an enriched xenon volume could improve the projected sensitivity of LZ by
over an order of magnitude

• Estimated resolution of 1.0% at the Q-value is achievable assuming an average photon detection efficiency of 7.5%, a
95% electron extraction efficiency and 50 detected photons per extracted electron.

• For these energies, the S2 signal will saturate some PMTs in the top array, but using only the bottom PMT array for
energy reconstruction will not affect the resolution.
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•136Xe Q value at 2458 keV
•We project 1% energy resolution at 

Q value.
•Main BG from PMTs+Cryostat 
•Dedicated fiducial volume: 957 kg 

(BG optimized)
•1000 live-day run
•Median 90% CL sensitivity on 

136Xe 0𝜈𝜷𝜷 half-life:
T    >  0.74×1026 years (median)
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•Noble-liquid TPCs leading the field in sensitivity 
to WIMP

•LZ is the successor to ZEPLIN and LUX.  7 tonnes 
LXe (5.6 tonnes fiducial)

•LZ will reach sensitivity of 1.6×10-48 cm2 for SI 
WIMP-nucleon interactions. Other dark-matter 
results expected as well.

•Sensitivity to 0𝜈𝜷𝜷 of 136Xe of 0.74×1026 years

•LZ is at an advanced stage.  Construction already 
begun, planning first science data in 2020.


